Abstract: Electron back-scatter diffraction was used to measure the crystal preferred orientations (CPOs) from 101 samples across the ultrahigh-pressure Western Gneiss Region of Norway to assess slip systems, sense of shear, CPO strength, and strain geometry. The CPOs suggest a dominance of prism <a> slip, with lesser amounts of prism [c] slip and basal <a> slip; there are few Type-I and Type-II girdles. The major structural feature in the study area-the high-strain, top-W, normal-sense Nordfjord-Sogn Detachment Zone-is characterized by asymmetric and strong CPOs; an eastern domain with strong asymmetric CPOs shows top-E shear. Strain throughout the study area was characterized by a mix of plane strain and constriction with no evidence of flattening. Adjacent gneiss and quartzite/vein samples have similar CPOs.
Dislocation creep can produce crystal preferred orientations (CPOs) because the difference between vorticity imposed on a crystal by deformation and the vorticity produced by dislocation glide is balanced by rotation of the crystal lattice (Taylor 1938; Lister 1982) . The CPO that results is a function of factors such as the active deformation mechanisms (including dislocation slip systems), strain magnitude, rate of recrystallization, and strain geometry. As such, the CPOs of minerals-in particular, quartz, calcite, and olivine-can be used to deconvolve some of these factors and reconstruct the deformation of naturally deformed rocks.
Much emphasis has been placed on understanding and interpreting quartz CPOs because of the abundance of quartz in the continental crust. The most-important slip systems in quartz are basal (0001) <a> slip, prism {10 1 0} <a> slip, positive rhomb {10 1 1} <a> slip, negative rhomb {01 1 1} <a> slip, prism {10 1 0} [c] slip, and Dauphiné twinning (Christie et al. 1964; Baëta & Ashbee 1969; Blacic & Christie 1984; Linker et al. 1984; Lloyd 2004) . Activation of these slip systems is temperature dependent such that basal <a> glide at low temperatures gives way to prism <a> slip with increasing temperature, and eventually, to dominant prism [c] slip (Blacic 1975; Blumenfeld et al. 1986 ). Assuming that the slip plane rotates toward the shear plane and that the slip direction rotates toward the shear direction of an imposed deformation, the activity of that slip system can be inferred from a CPO. This assumption is unjustified in general, however, because crystals are constrained by neighboring grains and multiple slip systems are typically active simultaneously (Lister et al. 1978; Lister & Hobbs 1980; Wenk et al. 1989; Wenk & Christie 1991; Casey & McGrew 1999) .
Instead, CPOs reflect variations in the rates of lattice rotation, with slow rates of rotation forming maxima (Wenk & Christie 1991) .
Progressive strain of a polycrystal leads to progressive rotation of the crystal lattices and, therefore, to a relationship between strain magnitude and CPO strength (Lister et al. 1978) ; this relationship has been demonstrated in experimentally and naturally deformed rocks (Marjoribanks 1976; Bouchez 1977; Carreras et al. 1977; Miller & Christie 1981; Law 1986; DellʹAngelo & Tullis 1989; Heilbronner & Tullis 2006 ). Other factors that influence CPO strength include the particular slip systems that are active, the activity of other deformation mechanisms, the rate of recrystallization, the presence of other phases, and variations in strain path (e.g., Knipe & Law 1987; Casey & McGrew 1999) . Also, CPO strength is expected to reach a steady state, beyond which further strain will not be recorded (Wenk & Christie 1991) .
Quartz CPOs in experimentally deformed rocks (Tullis et al. 1973) , naturally deformed rocks (Bouchez et al. 1983) , and simulated rocks (Lister et al. 1978; Wenk et al. 1989) can reflect whether the imposed strain was coaxial or noncoaxial. This relationship has been exploited to infer the sense of shear in naturally deformed rocks, by using the sense of asymmetry between the flow plane inferred from the CPO skeleton and the flattening plane defined by the foliation (Behrmann & Platt 1982 ). This techniques is expected to be inaccurate to some degree because the relationship between the CPO skeleton and the kinematic framework is likely to be more complex than assumed (Wenk & Christie 1991) .
Quartz CPOs in experimentally (DellʹAngelo & Tullis 1989; Heilbronner & Tullis 2006 ) and naturally (Price 1985; Law 1986) deformed rocks have been shown to depend on strain geometry or distortion; simulations have also shown a dependence of CPOs on strain geometry (Lister et al. 1978; Bascou et al. 2002) . In favorable circumstances the reverse relationship-using quartz CPOs to determine strain geometry or distortion-can be exploited (Schmid & Casey 1986) . If one makes the simplifying assumption that principal slip planes rotate until they are parallel to the shear plane and slip directions rotate parallel to the shear direction, a CPO that results from plane strain should have the form of a single crystal if only one slip system is active (Fig. 1) . During pure flattening, slip planes rotate away from the shortening direction, and the absence of a unique extension direction means that the slip directions are dispersed evenly; thus, the slip directions define a girdle if only one slip system is active (Fig. 1) . Conversely, during pure constriction, the slip directions become aligned, and the absence of a unique flattening plane means that the slip planes are dispersed evenly; thus, the poles to the slip planes define a girdle if only one slip system is active (Fig. 1) . Actual CPOs are, of course, more complicated for the reasons outlined above.
Purpose and analytical methods
The main purpose of this study is to semi-quantitatively assess strain geometry (the degree to which the strain deviated from plane strain toward flattening or constriction) using a large quartz CPO dataset. The same data are also used to assess active slip systems, CPO strength, and sense of shear. The samples are mostly quartzofeldspathic gneisses, quartzites, and quartz veins from the Western Gneiss region of Norway deformed at chiefly amphibolite-facies conditions. The CPO data were collected from X-Z thin sections (i.e. perpendicular to foliation and parallel to lineation) by electron back-scatter diffraction using a JEOL JSM-6300V digital SEM coupled with a HKL Nordlys EBSD camera and Channel 5 software. To create a CPO, the processed data were reduced to one point per grain, using a 15° misorientation to define grain boundaries. Pole figures of quartz [c] and <a> axes were created and contoured using the PFch5 software (Mainprice 2005) .
The modal proportions of quartz, feldspar, and "other" phases were determined from the area proportions of phases indexed during the EBSD measurements. These values were rounded to the nearest 5% to indicate their probable accuracy at the thin-section scale.
The orientations of the CPO eigenvectors (Ulrich & Mainprice 2005) define the orientation of the CPO skeleton. The asymmetry of the CPO skeleton with respect to the rock foliation and lineation was used to determine sense of shear (Behrmann & Platt 1982) . The validity of this method hinges on the assumptions that i) the preferred glide plane is sufficiently close to the shear plane that the apparent sense of shear is not reversed, and ii) the strain that produced the CPO and the strain that produced the foliation were not sufficiently different to give the wrong sense of shear.
To assess CPO strength we use the J index (Bunge 1982) for the [c] axes and <a> axis fabrics. To determine strain geometry, we use the basic precepts implied by Lister et al. (1978) and expanded upon by Price (1985) (Fig. 1) , inferring that the CPO skeleton reflects the strain geometry and the active slip systems. For example, deformation solely by prism <a> slip is expected to produce a [c] axis maximum during simple shear plane strain, a [c] axis girdle in the X-Y plane during flattening, and a [c] axis girdle in the Y-Z plane during constriction. In this view, the extent that a given [c] axis distribution falls between a maximum and a girdle can be used to determine the extent to which the strain was a mixture of plane strain and constriction. This determination can never be more than semi-quantitative for many reasons alluded to above, not the least of which are that slip systems and strains vary from grain to grain in rocks. Of particular relevance to amphibolite-facies deformation of quartz is that <a> pencil glide can occur along a combination of basal, prism, and rhomb planes; if these slip systems are active in concert, even plane strain may yield a CPO in a naturally deformed rock that is indistinguishable from the CPO expected for constriction-imposed slip on the basal <a> system or prism <a> system alone ( Fig. 1) (Schmid & Casey 1986 ).
For a semi-quantitative measure of the degree to which a CPO defines a maximum or a girdle, we use Pfch5 (Mainprice 2005) to calculate the P, G, and R indices of the [c] axis distribution (Woodcock 1977; Vollmer 1990; Ulrich & Mainprice 2005) . The magnitudes of the indices reflect how well the data define a point (P), girdle (G), or random (R) distribution. The R value serves as a measure of CPO strength, with R = 1 indicating the absence of a preferred orientation. These values can be displayed in a triangular "Vollmer" diagram (Abalos 1997 ) that has apices of P, G, and R. To remove the R component from the determination of the strain geometry, we calculate normalized point (Pn) and girdle (Gn) values:
In the case of basal <a> slip, a low Pn value indicates constriction ( CPOs cannot differentiate constriction from plane strain. Simple Pn values for "mixed <a>" slip are not useful for assessing strain geometry.
The Western Gneiss Region ultrahigh-pressure terrane
The formation and exhumation of ultrahigh-pressure (UHP) rocks are important aspects of collisional orogenesis, and are intrinsic to a number of Earth processes, including the generation and collapse of mountain belts, crust-mantle material exchange, and the chemical refining of continental crust . Peak metamorphic temperatures increase from ~600°C in the southeast to 800°C in the northwest (Fig. 2) (Griffin et al. 1985; Kylander-Clark et al. 2008 ). Subduction of the WGR was underway by 420 Ma and exhumation to midcrustal levels was complete by 400-380 Ma (Kylander-Clark et al. 2007; Walsh et al. 2007 ).
Aspects of the exhumation history of the WGR that are not well understood include the spatial and temporal variations in: i) the sense of shear, ii) the magnitude of strain, and iii) the geometry of strain. The bulk of the exhumation-related fabrics are associated with E-W amphibolite-facies stretching, although older fabrics (including granulite and eclogite facies) are locally preserved (Terry & Robinson 2003 , 2004 . The principal structure responsible for exhumation of the WGR through crustal depths is the Nordfjord-Sogn Detachment Zone (Fig. 2) (Johnston et al. 2007a ). This zone is characterized by amphibolite-to greenschist-facies asymmetric structures that indicate top-W, normal-sense shear within the allochthons; it is well developed within the lower few km of the allochthons, but fades rapidly into the underlying crystalline basement (Andersen et al. 1994; Labrousse et al. 2002; Hacker et al. 2003; Johnston et al. 2007a; Young 2005) . A top-E, amphibolite-facies highstrain zone occurs along the eastern edge of the crystalline basement.
Assessing the strain geometry of the WGR is important for understanding how the WGR was exhumed. Andersen et al. (1991) suggested that the WGR might contain constrictional fabrics formed as the buoyant continental crust tore loose from its sinking lithospheric root; Terry & Robinson (2003 , 2004 described eclogiteand amphibolite-facies structures compatible with this. Andersen & Jamtveit (1990) reported symmetrical structures indicating eclogite-and amphibolite-facies coaxial deformation. Krabbendam & Wain (1997) observed L fabrics in augen gneiss and lineation-parallel folds in layered gneiss and concluded that the WGR experienced constrictional E-W extension, N-S shortening and vertical thinning during amphibolite-facies metamorphism. Walsh & Hacker (2004) noted that if the ascent of the WGR was arrested at the Moho because of neutral buoyancy it might have undergone large-scale flattening.
Data
One-hundred-and-one quartz-bearing rock sample from the WGR were included in this study: 64 samples newly analyzed and 37 from previous studies (Fig. 2 , Appendix 1). Because previous studies generally focused on small areas, this study made an effort to broaden the spatial distribution of the samples; the result, however ( Specific exceptions to this conclusion that the bulk of the CPOs reflect amphibolitefacies exhumation, are the granulite-facies and eclogite-facies samples CPOs, which are relicts of earlier deformation. 
Sense of shear

CPO strength
The CPO strength, as determined by J[c], J<a> or 1-R, shows modest spatial variation (Fig. 6) . Samples around the high-strain Nordfjord-Sogn Detachment Zone and from an area in the eastern part of the study area have strong CPOs, whereas samples everywhere else have weaker CPOs.
Strain geometry
The distributions of the PGR data for the different CPOs (Fig. 4) recorded in the center of the study area (Fig. 7) . whereas the vein sample (P6824C2) has a clearly defined prism <a> CPO.
Rock-type comparisons
Discussion
Implications for deformation of the Western Gneiss Region
The quartz CPO data presented above provide useful information regarding the shearing is associated with emplacement of the allochthons over the basement; that this deformation is chiefly amphibolite-facies was not previously known.
As noted above, numerous factors influence CPO strength, including the particular slip systems that are active, the activity of other deformation mechanisms, the rate of recrystallization, the presence of other phases, and variations in strain path, including strain magnitude. Two domains in the study area, the Nordfjord- 
Implications for interpreting quartz CPOs
This study demonstrates that qualitative assessment of strain geometry is possible using quartz CPOs. There are three actions that would enable quantitative assessment of strain geometry. 1) Viscoplastic modeling of quartz CPOs (Wenk et al. 1989 ) must be expanded to include <a> axes and conducted to sufficiently high strains to produce CPOs with strengths similar to natural CPOs. 2) A means of assessing the degree to which <a> axes deviate between maxima, girdles, and random must be devised.
3) The initial work of Price (1985) , comparing CPOs with measured strain geometries, must be expanded to complete crystal orientations using EBSD. fsp% includes plagioclase and K-feldspar; "chl", chlorite; "ep", epidote/zoisite; "gar", garnet; "hbl", hornblende; "kspar", K-feldspar; fsp% includes plagioclase and K-feldspar; "chl", chlorite; "ep", epidote/zoisite; "gar", garnet; "hbl", hornblende; "kspar", K-feldspar; "ky", kyanite; "opx", orthopyroxene; "ru", rutile; "zo", zoisite.
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Nordfjord-Sogn Detachment Zone zone of top-E shear along E edge of study area e. Gneiss sample P6803A2 with strong undulatory extinction, strong sub-grain formation, and dentate grain boundaries indicative of sub-grain rotation recrystallization (Regime 2).
f. Quartz-rich ultramylonite J3701E3 with highly stretched quartz grains and feldspar porphyroclasts. Regime 2. 
